Study objectives: Different vasodilators and different routes of application are used for the treatment of primary pulmonary hypertension (PPH). Recently, sildenafil, a phosphodiesterase-V inhibitor, has been shown to have beneficial hemodynamic effects in PPH. However, the hemodynamic effects of sildenafil have not been characterized and compared to other vasodilators such as inhaled nitric oxide (iNO) or iloprost in PPH in the same group of patients. Study design: We investigated prospectively 10 consecutive patients with PPH using iNO, iloprost aerosol, and oral sildenafil to test acute hemodynamic response during right-heart catheterization. Results: iNO, iloprost aerosol, and sildenafil caused a significant fall of mean pulmonary artery pressure and pulmonary vascular resistance (PVR) [p < 0.05]. Correspondingly, cardiac output and mixed venous saturation increased slightly in all groups. Systemic arterial pressure and vascular resistance were mainly unaltered. Using a PVR reduction of > 20% to define a significant response, 7 of 10 patients were responders to iloprost aerosol, whereas 4 of 10 patients responded to iNO and oral sildenafil. Improvement of oxygenation as indicated by an increase of arterial oxygen tension was observed with iloprost aerosol (p < 0.01). Conclusion: All of the three substances, iNO, iloprost aerosol, and oral sildenafil, significantly improved pulmonary hemodynamics in patients with PPH. The most prominent hemodynamic effects and improvement of oxygenation were observed with iloprost aerosol.
P
rimary pulmonary hypertension (PPH) is a rare disease leading to severe limitations of functional status, and a median survival of 2.8 years 1 without appropriate therapies. Preferentially, young to middle-aged women are affected, although the disease is diagnosed at any age and sex. 2 Features of PPH include vasoconstriction of varying degrees, medial and intimal hypertrophy, 3 and in situ thrombosis. 4 The common medical therapy includes anticoagulation 4,5 and diuretics. Additionally, different vasodilators have been introduced based on the premise that antagonism of vasoconstriction could be of value in the medical therapy. 6 Different drugs that have the ability to selectively dilate pulmonary vessels are used in the evaluation and treatment of PPH. 6, 7 Additionally, antiproliferative properties could be of value in patients with PPH, but there are no controlled studies supporting this theory. However, some of these vasodilators are applied systemically, while others are administered locally as an aerosol or gas. Oral calcium-channel blockers (CCBs) may be used in patients who show significant pulmonary vascular resistance (PVR) reduction in acute hemodynamic testing. 8 In this con-text, inhaled nitric oxide (iNO) is a pulmonary selective vasodilator that allows prediction of hemodynamic response to CCBs in PPH. 9, 10 Inhalation of iloprost, a stable prostacyclin (epoprostenol) analog, has been demonstrated to improve hemodynamics and exercise capacity in patients with PPH. [11] [12] [13] [14] However, frequent inhalations (6 to 12/d) of iloprost are required due to the short duration of the hemodynamic effect, lasting approximately 20 to 60 min after inhalation. 15, 16 Continuous IV infusion of prostacyclin has proven beneficial effects on hemodynamics, exercise capacity, and survival in patients with PPH. [17] [18] [19] [20] However, continuous IV prostacyclin therapy is hampered by line infections, tachyphylaxis, and systemic side effects due to the lack of pulmonary selectivity.
Sildenafil is a selective phosphodiesterase-V inhibitor that leads to stabilization of cyclic guanosine monophosphate (cGMP). cGMP, a second messenger of nitric oxide (NO), promotes vasodilation in pulmonary vessels. 21 Oral application of the cGMPspecific phosphodiesterase-inhibitor sildenafil has been shown to have beneficial effects in patients with PPH, 22, 23 even during application of iNO. 24, 25 Moreover, sildenafil has been demonstrated to exert additive effects on pulmonary hemodynamics, when applied with inhaled iloprost. 26, 27 Thus, oral application of sildenafil may have clinical relevance in patients with PPH.
The acute hemodynamic effects of oral sildenafil have not yet been characterized and compared to the pulmonary vasodilators iNO and iloprost aerosol in patients with PPH. The aim of our study was to evaluate the hemodynamic effects of oral sildenafil in patients with PPH in comparison to the pulmonary selective vasodilatory profiles of iNO and iloprost aerosol.
Materials and Methods
Ten consecutive patients with PPH who were scheduled for routine right-heart catheterization were included in our study. Exclusion criteria were secondary pulmonary hypertension, pregnancy, hypotension (systolic BP Ͻ 90 mm Hg), or any other significant systemic disease. Underlying causes for pulmonary hypertension were excluded according to the criteria established during the World Health Organization conference of Evian 1998. 28 Vasodilative treatment for pulmonary hypertension included CCBs in one patient, CCBs plus iloprost aerosol in two patients, iloprost aerosol in four patients, and no specific therapy in three patients. CCBs were discontinued 36 to 48 h prior to right-heart catheterization. Treatment with iloprost aerosol was discontinued at least 12 h prior to right-heart catheterization. The study protocol was approved by the local ethics committee. Written informed consent was obtained from every patient.
Right-Heart Catheterization:
A Swan-Ganz catheter (Criti-Cath; Becton Dickinson; Temse, Belgium) and an arterial catheter (Cordis; Johnson & Johnson;
Miami, FL) were inserted into the right femoral vein and artery, respectively. Hemodynamic measurements were performed in recumbent position. Continuous hemodynamic monitoring included heart rate (HR), systemic arterial pressure (SAP), pulmonary artery pressure (PAP), and transcutaneous arterial oxygen saturation. Arterial and mixed venous oxygen saturation (Svo 2 ) blood samples were obtained to measure oxygen saturation (Hemoximeter; Radiometer; Copenhagen, Denmark). Additionally, blood gas analysis was performed in arterial blood samples (ABL 520; Radiometer).
Pulmonary capillary wedge pressure (PCWP) and right atrial pressure (RAP) were measured during each test. Cardiac output (CO) was also obtained during the acute vasoreactivity test of each agent, using triplicate measurements with the thermodilution method (Cardiac Output Computer; Edwards Laboratories; Santa Ana, CA). Cardiac index (CI), PVR, and systemic vascular resistance (SVR) were calculated using standard formulas.
Vasodilator Test
A positive response to acute vasodilator challenge was defined as a reduction in PVR and/or mean PAP (PAPmean) of at least 20%. 9, 10, 28 Initial baseline values were obtained after a steadystate period of 20 min and additionally after each vasodilator test when all variables had returned to preinhalation levels and remained constant for at least 5 min.
The vasodilators were used in a nonrandomized fashion in the order of iNO, iloprost, and sildenafil. iNO was administered at a dose of 40 ppm, as measured in the expiratory air (NO-Monitor; Micro Medical; Kent, UK). 15 The maximum effect was recorded after 5 min of inhalation.
Iloprost was aerosolized with a jet nebulizer (Ilo-Neb; NebuTec; Elsenfeld, Germany). Fifty micrograms of iloprost were diluted in 4.5 mL of saline solution (NaCl 0.9%; Braun; Melsungen, Germany). One milliliter and 0.5 to 2 mL of this solution were aerosolized over 10 to 15 min, presuming a nebulized dose of 15 to 20 g. Hemodynamic variables were measured immediately after stopping the iloprost inhalation and 15 to 60 min after the end of the aerosolization period until all parameters had returned to baseline levels.
Oral sildenafil was administered in an initial dose of 50 mg, followed by another 50 mg after 30 min. Hemodynamic parameters were measured 30 min after each dose.
Statistical Analysis
All values are presented as mean Ϯ SEM. For comparison of test effects, a Students two-sided, paired t test was used; p Ͻ 0. 
Results

Patient Characteristics
We included seven women and three men (age range, 33 to 59 years). New York Heart Association (NYHA) class was II (n ϭ 4), III (n ϭ 5), or IV (n ϭ 1). The 6-min walk distance measured 250 to 590 m. NYHA class and duration of the disease did not correlate with the degree of pulmonary hyper-
tension. The time to diagnosis was 6 months to 5 years. Patient characteristics are shown in Table 1 .
Baselines and Acute Hemodynamic Testing
Initial baseline hemodynamics are shown in Table  2 . All patients had significant precapillary pulmonary hypertension. The initial baseline and pretest baselines 2 and 3 showed minor (Ͻ 2%) variations, but this did not reach significance.
Acute Hemodynamic Effects of iNO
Inhalation of NO produced a decline in PAPmean from 55. Table 2) .
Four of 10 patients were iNO responders based on the criterion of a PVR reduction of Ն 20% ( Table 1) . Three of 10 patients were responders based on reduction in PAPmean of Ն 20%. All PAPmean responders were also PVR responders.
Acute Hemodynamic Effects of Iloprost Aerosol
Administration of iloprost caused a reduction in PAPmean from 53. When the response criteria of a PVR reduction of Ն 20% was applied, 7 of 10 patients were responders to iloprost aerosol (Table 1, Fig 1) . According to the reduction of PAPmean of Ն 20%, 5 of 10 patients were responders. All PAPmean responders were also PVR responders.
Acute Hemodynamic Effects of Oral Sildenafil
The cumulative dose of 100 mg of sildenafil caused PAPmean to decline from 52.7 Ϯ 3.9 to 46.8 Ϯ 3.6 mm Hg (p Ͻ 0.01), CO increased from 3.37 Ϯ 0. 4 Fig 1) and a reduction of PAPmean (Ն 20%) in 3 of 10 patients. All PAPmean responders were also PVR responders. Three of four patients were responders to 50 mg of sildenafil, and one patient showed a PVR reduction only after the total dose of 100 mg.
Differential Effects of iNO, Iloprost Aerosol, and Oral Sildenafil
Comparison of the acute hemodynamic effects of oral sildenafil with those of iNO revealed a comparable overall reduction in PAPmean and PVR (Tables 1, 2; Fig 1) . However, iNO resulted in a paradoxical increase in PAPmean and PVR in two patients, while no patient had a significant increase in PAPmean or PVR with sildenafil (Fig 1) . Nevertheless, 40% of patients had a significant PVR reduction of Ն 20% with iNO and with sildenafil. Inter- estingly, all patients with a positive iNO response also were responders to oral sildenafil. Although not statistically significant, comparison of the acute hemodynamics after application of oral sildenafil and iloprost aerosol showed a more pronounced fall in PAPmean and increase in CO resulting in a more prominent PVR reduction with iloprost aerosol. A significantly greater response was observed with the use of iloprost aerosol (Table 2) when compared to iNO. Reductions of PVR (p Ͻ 0.05) and PAPmean (p Ͻ 0.01) were less prominent with iNO, whereas the other parameters did not differ significantly.
The PVR response rate was higher (70%) with iloprost aerosol than with sildenafil or iNO (each 40%). Of the iloprost responders, 57% were also sildenafil and iNO responders. Comparing the influence of different pulmonary vasodilators on arterial oxygen pressure as a possible parameter of ventilation-perfusion mismatch revealed a significant increase of Pao 2 after iloprost inhalation and was not significantly affected with iNO or sildenafil. No significant effects on PCWP, SAPmean, and SVR were noted in any of the test substances.
Discussion
In our observational study, we evaluated and compared the acute hemodynamic effects of iNO, iloprost aerosol, and oral sildenafil during right-heart catheterization in patients with PPH. All substances caused significant reduction in PAPmean and PVR in this group of patients. The vasodilative response was restricted to the pulmonary circulation as SAP and SVR showed no significant change. At the doses tested, iloprost aerosol was a more potent pulmonary vasodilator than iNO and sildenafil. Iloprost aerosol caused a positive response (PVR reduction Ն 20%) in 7 of 10 patients, whereas iNO and sildenafil were tested positive in only 4 of 10 patients. Additionally, iloprost aerosol had a positive effect on oxygenation, as a parameter of ventilation-perfusion mismatch after the inhalation. Improvement of arterial oxygen saturation has been previously described during inhalation of iloprost in pulmonary hypertension. 15, 16 Preferential distribution of the iloprost aerosol to well-ventilated lung areas and a more homogenous ventilation-perfusion relationship have been suggested as potential mechanisms. An increase of CO may also have contributed to improved oxygenation.
Acute hemodynamic vasodilator tests have repeatedly been used to describe hemodynamic profiles of patients with PPH, 7 and to characterize vasodilating agents. 9,10,15,16,29 -31 Even the acute effects of iloprost aerosol have been compared to iNO and sildenafil in previous studies. 26, 27 A single study compared IV prostacyclin to iNO and oral sildenafil in pulmonary hypertensive patients with underlying lung fibrosis. 32 None of these investigations differentiated all three acute vasodilators in the same group of patients with PPH. Both iNO and iloprost aerosol are known potent pulmonary vasodilators. 12, 13, 15, 16, 30 These substances induce acute vasodilative responses within minutes of inhalation. The vasodilatory effect of iNO is short acting and levels off within 2 to 5 min after discontinuation. 16, 30 iNO is used as test substance in pulmonary hypertension, as it has been demonstrated to be predictive with regard to the effectiveness of treatment with CCBs. According to these investigations, patients who show a decrease of Ͼ 20% of PVR and PAPmean during NO inhalation can be treated successfully with CCBs. 9,10,31 Inhalation of iloprost is known to cause a more prolonged pulmonary vasodilation, which usually ends 20 to 60 min after discontinuing aerosolization. 15, 16 Although defining response according to reduction in PVR of Ն 20% without changes in PAP is controversial, 6 this criterion has been described previously 10 and may be of clinical relevance for the individual patient. An increase in CO that is not accompanied by a further elevation of PAP could alleviate symptoms and is generally accepted as a valuable tool for the difficult task of selecting an effective therapy for an individual patient. 9, 10, 13, 29 Pulmonary selectivity of the vasodilatory effect of iNO and iloprost aerosol is explained by the inhalation route of application. 13, 15, 16, 30 Additionally, NO rapidly binds to hemoglobin, thus limiting spillover and systemic side effects. Interestingly, oral application of sildenafil in our study also showed a hemodynamic profile comparable to iNO. Selective pulmonary vasodilation without significant systemic hypotension was also achieved with systemic application of sildenafil. We observed only a minor increase of CO, which probably would not explain the maintenance of systemic BP. The effect of selective vasodilation may be due to the different distribution of phosphodiesterase-V in different vascular beds, phosphodiesterase-V is expressed in a relative high amount in the lung vasculature 33, 34 and the corpus cavernosum. 35 The latter explains the effects of the phosphodiesterase-V inhibitor sildenafil in erectile dysfunction 35 without major hemodynamic side effects in healthy subjects. 36 High levels of phosphodiesterase-V expression in pulmonary arteries provides a good explanation for the pulmonary selective vasodilative property of sildenafil as observed in our study and reported by other investigators in patients with pulmonary hypertension. [21] [22] [23] [24] [25] [26] [27] In our study, we tested doses of 50 mg and 100 mg of oral sildenafil. The recommended dose range for the therapy of erectile dysfunction is 25 to 100 mg. Data have been published that describe a reduction of systemic BP with an oral dose of 100 mg in healthy men. 36 In patients with severe PPH, doses of 25 mg 25 and 50 mg 27 of sildenafil caused substantial effects on pulmonary circulation. A single case report 23 in a young man with PPH reports a starting dose of 50 mg qd and was titrated up to 500 mg/d. Reviewing these data, we found 50 to 100 mg of oral sildenafil a safe test dose to produce considerable positive effects on pulmonary hemodynamics without significant systemic side effects in patients with PPH. A limitation of our study is that we did not generate complete dose-response curves; we cannot therefore exclude that hemodynamic effects would have been observed with lower or higher doses. Another limitation of our investigation is that only three patients did not receive vasodilative treatment before entering the study. Although patients had a therapy-free interval of 36 to 38 h of CCBs and 12 h of iloprost, respectively, we cannot securely exclude influences of vasodilative therapy on the results. However, we found no significant difference in hemodynamic response between the treatment groups. Based on the strategy to apply short-acting before long-acting substances as reported earlier, 9, 15, 16 we selected the test substances in a nonrandomized fashion. The influence of the preceding vasodilator on the following test substance should be minimized in this setting.
An additional finding in our study was that every patient who had a PVR reduction of at least 20% during iNO testing also had a positive response to sildenafil testing. Only four of seven patients (57%) who showed a positive PVR response to iloprost aerosol were classified as sildenafil responders. Interestingly, we observed a paradoxical increase in PAPmean and PVR in two patients (PVR increased by 10% and 22%, respectively) during iNO application. The mechanism of this phenomenon has not been clarified yet, but NO-induced paradoxical increases in PAP in 23 to 29% of patients, or PVR in 17 to 31% of patients, have been reported before. 15, 31 In our study, paradoxical reaction to NO did not lead to clinical symptoms nor was statistically significant; however, potentially harmful consequences during acute vasodilator testing must be taken into consideration.
One possible explanation for the different hemodynamic effects of sildenafil, iNO, and iloprost aerosol is the production of different second messengers that are essential for the vasodilatory effects. Prostacyclin and its stable analog iloprost activate adenylate cyclase that leads to production of cyclic adenosine monophosphate, resulting in relaxation of vascular smooth-muscle cells. The vasorelaxant effect of NO is known to result at least in part from activation of soluble guanylate cyclase that leads to an increase of the second messenger cGMP in the vascular smoothmuscle cells. [37] [38] [39] However, different phosphodiesterases in the lung that hydrolyze cGMP and cyclic adenosine monophosphate may terminate their vasodilatory effects. 33 Sildenafil leads to increased cGMP content via inhibition of phosphodiesterase-V. The introduction of different phosphodiesterase inhibitors in experimental pulmonary hypertension was based on the consideration that inhibiting degradation of second messengers in the pulmonary vasculature may lead to prolonged vasodilation. 40, 41 This was also the rationale for using sildenafil as a pulmonary vasodilator in some case reports and small clinical trials. [22] [23] [24] [25] [26] [27] Our observation of differential hemodynamic effects of sildenafil and iNO vs iloprost aerosol are in concordance with the concept that these substances activate different regulatory systems of vascular tone, and therefore combination of these substances may prove beneficial in the treatment of pulmonary hypertension.
